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SINGLE  STAGE  COMPRESSOR  * 

Duan  Liar.rer.g,  Gong  Bacchang,  Wang  Zhaolcng 
(Shenyang  Aeroenging  Research  institute) 

Abstract 

Single  stage  compressors  with  and  without  part  span  shroud  were 
designed  and  tested  to  investigate  the  effect  of  part  span  shroud  or. 
aerodynamic  performance  of  the  compressor.  Test  results  indicated 
that  the  part  span  shroud  effected  not  merely  the  local  region 
adjacent  to  the  shroud,  but  influenced  almost  all  height  of  the 
annulus.  Analysis  indicated  that  the  flow  condition  in  the  compressor  i 
related  to  flow  continuity  equation  and  radial  equilibrium  equation. 
However  the  local  disturbance  caused  by  part  span  shroud  not  only 
results  in  radial  re -equ 1 1 i br i um,  but  also  causes  the  viscosity  loss 
to  increase  and  the  elastic  deformation  at  the  blade  tip  resulted  from 
centrifugal  force  to  be  prevented.  This  means  that  the  effect  of  part 
span  shroud  spreads  to  all  span.  The  local  blockage  and  loss  in 
region  adjacent  to  the  shroud  should  be  considered  in  designing  a 
compressor  rotor  with  part  span  shroud.  Thus,  the  effect  of  part  span 
shroud  on  the  flow  field  within  the  compressor  could  be  included 
objectively  in  the  design. 

I .  Introduct ion 

For  the  aeroengine  design  of  this  date,  the  part  span  shroud 

usually  is  added  on  the  compressor  rotor  such  that  the  compressor 

*Thir  paper  vas  presented  at  the  Conference  of  Heat  Engine  Aerodynamic 
Thermodynamics  held  at  Shamen,  August  1981. 


aerodynamic:  design.  Ar.  exper  imer.ta  I  compressor,  which  is  studied  an: 
analyzed  approximately  by  a  simple  method  called  "equalizing  the 
effect  of  part  span  shroud",  is  introduced  in  this  paper.  The  idea  ;f 
this  method  is  that  the  rotor  efficiency  is  reduced  by  1  —  2%  and  the 
effect  due  to  the  blockage  of  part  span  shroud  is  corrected  by 
increasing  the  correction  coefficient  at  the  attached  layer,  which  is 
equally  considered  at  the  rotor's  inlet  and  outlet  calculation 
stations.  This  method  may  not  truly  represent  the  real  aerodynamic 
behavior  of  the  rotor  with  part  span  shroud,  and  whether  this  method 
can  be  applied  to  the  pratical  engineering  is  still  not  known  because 
of  the  lack  of  practical  experience.  In  this  paper,  we  report  the 
experimental  results  about  the  performance  of  a  single  stage 
compressor,  with  and  without  part  span  shroud  on  its  first  stage 
working  blade,  of  a  certain  type  of  low  pressure  compressor  which  is 
designed  by  the  method  mentioned  above.  The  observed  effects  of  part 
span  shroud  on  the  aerodynamic  performance  of  the  compresor  are  also 
discussed  in  this  paper. 

II.  Experimental  Compressor 

For  the  single  stage  compressor  whose  working  blades  do  not  have 
part  span  shroud,  its  rotor  blade  can  be  divided  into  two  parts: 
ultrasonic  first-half  and  surpass-sonic  second-half.  For  the 
ultrasonic  first-half,  the  relative  Mach  number  at  the  inlet  is  1.1  — 
1.385;  the  middle  section  of  the  blade  has  an  S-shape  curvature  and  the 
surfaces  of  its  basin  and  back  are  composed  of  straight  lines  and 


r.  y  per  be  1  ;  at  the  ir.  let,  tr.e  surfaces  of  blade  basin  and  b'aie 

are  straight  1  i  res ;  the  surface  of  the  rear  section  is  composed  ;f 
straight  lines  and  hyperbola.  For  the  surpass-ser.ic  second-half,  the 
curve  of  middle  blade  and  the  surfaces  of  blade  basin  and  blade  bac< 
are  all  hyperbolas.  A  BC-6  type  blade  is  used  as  the  stator. ili  A 
rotor  without  part  span  shroud  is  shown  in  Fig.l. 

The  single  stage  compressor  whose  working  blades  do  have  part 
span  shroud  is  called  a  J223A  single  stage  compressor.  Its  rotor  blade 
is  converted  from  the  previous  working  blade  without  part  span  shroud 
by  adding  a  "simple"  part  span  shroud  at  the  55%  designed  flow  line. 
The  shapes  of  its  stator  and  annulus  are  the  same  as  that  of  the 
experimental  compressor  without  part  span  shroud.  The  detail  of 
its  design  can  be  found  in  Ref. 2.  The  picture  of  J223A  is  shown  in 
Fig. 2 . 

The  experiments  were  performed  on  the  single  and  double  stage 
compressor  tester  in  our  institute. 

III.  Experimental  Results  and  Discussion 

1.  Experimental  results  and  comparison  of  the  general  properties 

The  experimental  data  of  the  single  stage  compressor  with  part 
span  shroud  are  quoted  from  Ref. 3.  The  experimental  data  of  the 
compressor  without  part  span  shroud  are  quoted  from  Ref.  4.  The 
measured  general  properties  of  the  experimental  compressors  with  and 
without  part  span  shroud  are  plotted  in  Fig. 3  for  comparison.  As  can 
be  seen  from  Fig. 3,  after  the  part  span  shroud  is  added  on  the  rotor 
blade,  its  maximum  flow  rate  is  reduced  by  1%;  its  maximum  efficiency 
is  reduced  by  2%;  and  the  maximum  pressure  ratio  is  reduced  by  2.5%. 
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Fig.?.  The  general  properties  of 
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2.  The  effect  of  part  span  shroud  on  the  property  of  case 
elements . 

We  compare  two  experiments  whose  flow  rates  are  almost  the  same 
Their  general  property  parameters  are  listed  in  Table  II. 

Table  II.  General  property  parameters  of  two  experiments  with 
same  flow  rate.  (1:  single  stage  compressor  without  part  span  shroud 
2:  single  stage  compressor  with  part  span  shroud;  3:  Kg/sec) 


c,.,  (fcff/80 


The  effects  of  part  span  shroud  on  the  property  of  a  single  stage 
compressor  base  element  are  shown  in  Fig. 4.  The  effects  of  part  span 
shroud  on  the  property  of  a  rotor  base  element  are  shown  in  Fig. 5.  It 
should  be  noted  that  the  results  in  Fig. 5  are  calculated  by  a  conputer 
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gradient  ;s  bigger  at  the  region  ad;  a  cent  to  the  outlet  s  hr  our..  When 
air  flows  through  the  stator  slot,  the  mixing  due  to  radial  flow 
oecom.es  severe.  If  the  above  assumption  is  employed,  then  the 
calculated  flow  parameters  of  the  rotor  with  part  span  shroud  will 
have  greater  error  than  that  of  a  rotor  without  part  span  shroud.  The 
calculated  property  parameters  at  the  outlet  of  the  rotor  also  can  not 
represent  the  real  situation.  3ut  for  qualitative  analysis,  this 
calculation  is  still  applicable. 

From  Figs. 4  and  5,  we  can  see  that: 

a.  After  part  span  shroud  is  added,  the  flow  lines  of  the  air 
flow  in  the  annulus  of  the  rotor  andstator  shift  to  hub.  The  change  of 
flow  line  distribution  reflects  the  change  of  the  flow  field.  So,  the  air 
flow  must  undertake  radial  r  e -equ  i  1  i  br  i  urn .  According  to  the 
calculation  results  of  Refs.  4  and  5,  at  the  outlet  of  a  blade  without 
part  span  shroud,  the  first  ring  surface  (the  outlet  ring  surface  is 
divided  into  ten  parts)  at  the  root  allows  11.8%  of  total  flow  to  pass 
through;  the  tenth  ring  surface  at  the  tip  allows  9.1%  of  total  flow 
to  pass  through;  and  the  sixth  ring  surface  at  the  middle  of  the  blade 
allows  10.2%  of  total  flow  to  pass  through.  If  the  part  span  shroud 
is  added  to  the  rotor  blade,  then  the  air  flow  passing  through  the 
first  ring  surface  at  the  root  increases  to  12.4%;  the  air  flow 
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o  :r.e  position 
.3%.  The  r  e  -  d  i 
the  base  element  change. 

b.  After  the  part  span  shroud  is  added,  the  work  augmer.tat :  :  n 
reduced  for  all  span.  The  absolute  values  of  work  augmentation  for 
all  span  are  listed  in  Table  III. 

Table  III.  The  change  of  work  augmentation  in  the  span  direct!: 
!i:  single  stage  compressor  without  part  span  shroud;  2:  single  stag 
compressor  with  part  span  shroud;  3:  relative  variation  value;  4: 
root;  5:flow  line;  6:middle;  7:tip;  8:note;  9:value  with  part  span 
shroud;  10: value  without  part  span  shroud) 
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The  change  of  work  augmentation  is  mainly  due  to  the  following 
two  causes:  the  first  one  is  that  the  part  span  shroud  at  the  55% 
designed  flow  line  of  the  rotor  will  restrict  the  elastic  deformatio 
resulting  from  centrifugal  force,  which  will  reduce  the  value  of  J 
and  then  reduce  the  work  augmentation;  the  second  one  is  that  the  par- 
span  shroud  will  change  the  radial  equilibrium  of  the  air  flow,  whic 
also  forces  the  change  of  work  augmentation. 

c.  Part  span  shroud  affects  the  efficiency  of  the  base  element  fur 
all  span.  The  efficiency  of  one  third  of  the  blade,  which  is  around 


e  averag 


other  one  third  of  the  blade,  which  is  around  the  hub,  the  efficient 
is  improved.  The  efficiency  of  the  base  element  is  increased  by  5  - 
5%  . 


d.  Since  worn  augmentation  and  efficiency  change,  the  pressure 
ratio  will  also  change  .  The  pressure  ratios  of  the  base  elemer.-  wit r. 
and  without  part  span  shroud  are  listed  in  Table  IV. 

Table  IV.  The  effect  of  part  span  shroud  on  the  pressure  ratio  c: 
base  element.  ilrsingle  stage  compressor  without  part  span  shroud; 
l:single  stage  compressor  with  part  span  shroud;  3:relative  variation 
value;  4:root;  5:flow  rate;  6:middle;  7:tip;  8:note;  9:value  with,  par4 
span  shroud;  10:value  without  part  span  shroud) 
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3.  The  effect  of  part  span  shroud  on  the  radial  distribution  of 

flow  parameters  at  the  inlet  and  outlet  of  the  motor. 

Since  there  is  no  direct  measurement  at  the  outlet  of  the  rotor,  the 
inlet  and  outlet  flow  fields  of  various  blades  are  estimated  by  using 

the  measured  values  of  the  single  stage  compressor  at  the  inlet  and 

outlet  and  by  using  the  "flow  field  calculation  ( S2 )  program".  In  the 


calculation,  the  effect  of  part  span  shroud  is  considered  by  the 


Fig.  5*  The  effect  of  part  span  shroud  on  the  performance  of  rotor  rate 

element.  (Isflov;  line;  2j  rotor  without  part  span  shrou^ ;  ?»Kg/*ec{ 
4-jr^tor  with  part  epan  shroud) 
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Fig. 6(a)  Radial  distribution  of  flow  parameters  at  the  outlet  of  rotor.  (1 
flow  line;  2; rotor  without  part  span  shroud;  3» Kg/sec;  rotor  with  part 
span  shroud) 


Fig.  6(b)  Radial  distribution  of  flow  parameters  at  the  outlet  of  rotor. 

(1»  flow  line;  2;  rotor  without  part  span  shroud;  3«  Kg/sec;  ki  rotor  with 
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According  to  the  analysis  of  the  experimental  data,  the  effect  ; 
part  span  shroud  on  the  flow  field  at  the  rotor  inlet  is  very  small. 

The  radial  distributions  of  flow  parameter  at  tr.e  inlet  and 
outlet  of  the  rotor  areshown  in  Fig.  6.  As  can  be  seen  from  Fig.r,  the 
elastic  deformation  of  the  rotor  blade  is  restricted  by  the  part  spar, 
shroud  such  that  the  work  augmentation  is  reduced.  The  average  axial 
velocity  of  air  flow  coming  out  from  the  rotor  is  faster  than  that  of 
the  rotor  without  part  span  shroud.  The  velocity  ratio  W^/W,  also 
increases.  So  in  general,  the  rotor  load  is  reduced  (the  diffusion 
factor  D  is  reduced  by  0.05  —  0.1) .  But  at  the  region  around  part  spa 
shroud,  due  to  the  olockage  and  disturbance  of  part  span  shroud,  the 
local  axial  velocity  becomes  smaller.  The  axial  velocity  Mi.i  at  that 
region  is  very  close  to  the  velocity  without  part  span  shroud. 

Because  of  this,  the  axial  velocity  at  the  regions  of  hub  and  tip  wil 
increase  correspondingly.  The  flow  field  inside  the  rotor  annulus 
will  thus  re-distribute  and  cause  the  flow  lines  to  sh i ft  downward.  As 
shown  in  Fig. 6  (b),  at  the  one  third  of  the  blade  adjacent  to  the  hub 
of  the  rotor  without  part  span  shroud,  the  rotor  load  is  larger  and  the 
efficiency  is  lower.  If  part  span  shroud  is  added,  due  to  the 
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the 


increase  :  f  £  1  _  v  rate  a  r:ur.d  the  huh,  the  rct:r  lead  iecr ;  acv 
value  is  reduced  from  C.53  5  to  3.33;  and  then  tne  efficiency 
root  of  the  rotor  is  improved.  This  means  that  the  part  spar,  rhr 
influences  almost  ail  height  :£  the  rotor  annulus.  Whenever 
radial  equilibrium  of  air  flow  in  the  rotor  annulus  changes, 
property  will  also  change.  Therefore,  the  local  blockage  adjacent  t: 
part  span  shroud  should  be  considered  in  the  calculation  of  the  flow  fie 
such  that  the  calculation  can  be  better  applied  to  the  real 
situation. 

As  can  be  seer,  from  Fig. 6,  the  pressure  ratio  at  the  root  region 
is  improved.  As  an  example,  the  pressure  ratio  at  15%  flow  line  is 
increased  from  1.546  to  1.562.  This  is  because  the  loss  is  reduced. 
Due  to  the  effect  of  part  span  shroud,  at  the  35  —  70%  flow  line 
adjacent  to  the  part  span  shroud,  the  work  augmentation  decreases  and 
the  loss  increases  such  that  the  total  pressure  ratio  decreases 
greatly.  As  an  example,  the  total  pressure  ratio  at  55%  flow  line  is 
reduced  from  1.536  to  1.415  and  the  relative  variation  value  is  3%. 
This  bad  performance  area  is  about  one  third  of  all  span  and  is  about 
10  times  of  the  thickness  of  part  span  shroud.  At  the  75  —  90%  flow 
line  ad j ace nt  to  the  rotor  tip,  the  inlet  and  outlet  velocity  ratio  W;/W, 
increases  and  the  rotor  load  decreases.  But  according  to  the  previous 
experimental  results,  under  the  condition  that  diffusion  factor  D<0.4, 
the  total  pressure  loss  parameter  does  not  show  a  decrease  clearly  with 
decreasing  D  value.  Since  the  elastic  deformation  of  the  blade  is 
restricted  by  part  span  shroud,  the  work  augmentation  is  much  less 
than  that  without  part  span  shroud  and  the  rotor  pressure  ratio  is 
also  less  than  that  without  part  span  shroud.  As  an  example,  at  the 
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-o  1.4".  At  the  35%  flow  line  adjacent  t:  the  clad-:  cl',  t.t-.  i::: 
increases.  This  car.  re  explained  as  below.  After  part  spar,  sr.r.uu  :: 
added,  the  elastic  deformation  of  the  blade  is  small.  Its  stamper 
angle  is  about  -3°  .  On  tne  other  hand,  if  the  part  span  shroud  .s  not 
added,  the  elastic  de  format  i  on  of  the  blade  under  the  centrifugal  force 
will  increase  the  stagger  angle  at  the  blade  tipby  2  --  3 "  .  This  implies 
that  the  olade  tip  is  working  under  03  stagger  angle.  It  is  obvious 
that  working  under  a  negative  stagger  angle  is  worse  than  working  under 
O'  stagger  angle.  So,  the  loss  will  increase  after  the  part  span 
shroud  is  added. 

4.  The  effect  of  part  span  shroud  on  the  flow  parameters  at  the 
inlet  and  outlet  of  the  stator 

The  radial  distribution  of  flow  parameter  at  the  inlet  of  the  stator 
is  shown  in  Fig. 7.  The  radial  distribution  of  flow  parameter  at  the 
outlet  of  the  stator  is  shown  in  Fig.  8.  The  effect  of  part  span  shroud  on 
the  inlet  stagger  angle  of  the  stator  is  shown  in  Fig. 9. 

As  can  be  seen  from  the  figures,  both  the  inlet  Mach  number  and 
the  inlet  stagger  angle  of  the  stator  have  distinct  changes  after  part 
span  shroud  is  added.  At  the  one  third  of  span  which  is  adjacent  to 
the  hub,  the  value  of  Mc3  increases  by  0.03  —  0.05.  The  diffusion 
factor  of  the  stator  decreases  by  0.05—0.1.  The  stator  stagger 
angle,  in  general,  is  reduced  by  2-6°  for  all  span.  The  stator  of 
our  experimental  compressor  is  the  model  of  BC-6.  Without  part  span 
shroud,  the  values  of  MCa  and  Ds  are  not  too  big  (at  root  region,  Mc3 
=  0.65  -  0.82,  D  s  =  0.33  —  0.38).  So,  after  the  part  span  shroud  is 
added  to  the  rotor,  the  stator  still  can  adapt  itself  to  this  change. 
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shround  it  is,  the  smaller  the  effect  is.  In  general,  the  air  flew  a' 
the  region  between  part  span  shroud  and  the  hub  is  affected  more,  and 
the  air  flow  at  the  region  between  part  span  shroud  and  the  tip  is 
affected  less.  This  is  consistent  with  the  experimental  results 
reported  in  the  other  countries. 


IV.  Conclusion 

1.  Comparing  the  results  of  single  stage  compressor  without 
part  span  shroud,  the  part  span  shroud  reduces  the  maximum  flow  rate 
by  1%,  the  maximum  efficiency  by  2%,  and  the  maximum  pressure  ratio  by 
about  2.5%. 

2.  The  effect  of  part  span  shroud  on  the  areodynamic  performance 
of  a  compressor  is  not  restricted  to  a  local  region.  The  effect  spreads 
almost  to  all  span.  This  is  because  the  flow  condition  in  the  compresso: 
is  related  to  the  flew  continuity  and  radial  equilibrium  equation.  The 
local  disturbance  caused  by  part  span  shroud  not  only  results  in 
radial  re -equ i 1 i br i um,  but  also  causes  the  viscosity  loss  to  increase 
and  the  elastic  deformation  at  the  blade  tip  to  be  prevented. 

3.  To  design  the  rotor  with  part  span  shroud,  the  effect  of  part 


span  shroud  on  the  radial  distribution  of  efficiency  should  be 
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ABSTRACT 

A  trouble  s  It*  o  o  w  1  n  ^  cssw  prc^rsss  r  6  per  t  on  MCM  e  oir.p  r  ~  zz  15 
presented.  It  mainly  describes  the  test  results  concerning  the 
effects  of  casing  treatment  and  varying  the  stagger  angle  of  the  rotor 
blades  at  stages  7,  8,  and  9  on  the  overall  performance  of  a 
multistage  axial-flow  compressor.  The  test  results  show  that  the 
casing  treatment  of  the  rear  stages,  is  a  very  effective  method  to 
extend  the  stable  operating  range  of  the  compressor  at  high  speeds. 


I.  The  Origin  cf  Test  and  the  Choice  of  Program 

After  a  "C"  compressor,  which  is  converted  from  the  prototype 

compressor,  is  mounted  on  a  certain  type  of  engine,  a  stall  breakdown 

occurs  at  high  altitude  after  successive  thrust  augmentation. 

According  to  the  measurements  in  the  relevant  test  flight,  this  stall 

is  caused  by  the  gasp  vibration  in  the  compressor.  When  stall  -ccurs ,  the 

speed  of  the  compressor  n  is  in  the  range  of  1.03  —  1.08.  In  order  to 

fully  understand  the  mechanism  of  this  stall  breakdown  and  to  find  out 

the  solution  of  this  problem,  it  is  necessary  to  perform  some  tests  on 

the  performances  of  the  relevant  compressors. 

There  are  five  compressors  which  are  under  testing. 

♦This  peper  va^  presented  at  the  Conference  of  Heat  Hngin°  Aerodynamic 
Thermodynamics  hel^  at  Shamen,  August  1981. 
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between  this  compressor  and  compressor  I  is  that  they  have  different 
rear  r  a  t  i  r.  structures. 

2.  "Twist  blade"  compressor  ; or  compressor  III!:  This 
compressor  is  converted  from  compressor  II,  where  the  stagger  angles 
of  blade  tips  for  the  rotors  of  the  last  few  stages  are  reduced  by  1  '  It 
The  stagger  angles  of  the  blade  root  remain  the  same,  and  the  stagger 
angles  between  the  tip  and  root  are  varied  accordingto  a  certain  nature  1 
regularity. 

4.  Casing  treatment  compressor  (or  compressor  IV):  This 
compressor  is  converted  from  compressor  II,  where  the  exteriors  of  the 
seventh  and  ninth  rotors  are  treated  by  ring  slot  casing  treatment 

( see  Fig . 1 ) 

5.  "Twist  blade"  and  "casing  treatment"  compressor  (or 
compressor  V):  This  compressor  is  converted  from  compressor  II,  where 
both  the  treatments  of  "twist  blade"  and  "casing  treatment"  are 
employed . 


II.  Testing  Results  and  Analysis 

The  seven  equal  speed  contours,  h=  0.7,  0.8,  0.9,  0.95,  1.0, 
1.05,  1.10,  of  the  above  five  compressors  are  measured  while  the 
outgas  valve  is  closed.  The  data  of  n=1.05  and  0.95  are  missing  for 
compressors  III  and  IV.  These  experiments  were  cancelled  at  that 
moment  because  of  the  reason  for  safety.  When  we  tested  the  gasp 
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stages  were  all  melted  within  a  tew  seconds.  3c,  the  test  of  this 
compressor  as  n  =  1.10  was  r.ot  performed. 

Since  we  have  a  lot  of  experimental  data,  in  orcer  t:  have  s 
better  understanding  and  clear  comparison,  only  the  data  around  the 
gasp  vibration  for  each  compressor  are  plotted  in  Fig.":.  Some  of  th* 
equal  speed  contours  are  also  plotted  in  Fig. 2.  The  comparisons  of 
the  gasp  vibration  allowances  and  the  efficiencies  for  each 
compressor  are  described  below  in  more  detail. 

1.  Comparison  of  the  gasp  vibration  allowance 
The  variations  of  the  gasp  vibration  allowance  for  each 
compressor,  while  the  engine  is  operating  under  the  "specified"  and 
"augmented"  conditions,  are  shown  in  Fig. 3. 

As  can  be  seen  from  Fig. 3,  in  the  range  of  n  =  0.7— 0.5,  the  gasp 
vibration  allowance  of  compressor  II  is  higher  than  that  of  compressor 
I.  This  is  consistent  with  the  observation  in  the  test  engine  that 
the  "speed  of  the  upper  boundary  of  gasp  vibration"  is  reduced.  When 
h  >  0.8,  however,  the  allowance  loss  of  gasp  vibration  in  compressor 
II  increases  with  increasing  the  speed.  In  the  "specified"  state, 
when  n  =  0.9~1.10,  the  allowance  loss  is  2  .  6  ~  8.4%  and  the  relative 
loss  is  12  ~ 36%;  in  the  "Augmented"  state,  when  n=0.95—  1.10,  the 
allowance  loss  is  3.2-  7.9%  and  the  relative  loss  is  18-  44%.  When 
high  altitude  stall  occurs,  the  engine  speed  n  is  in  the  range  of  1.03 
1.08.  At  this  range,  the  reduction  of  the  gasp  vibration  allowance 
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Fig.  3.  She  gasp  vibration  allowance  Fig. 4.  The  operating  point  efficiency 
of  various  compressors.  (^"specifier1"  of  various  compressors.  ( 1 :  compressor 


stat°;  2: "augmented"  state;  3*ga^P 
vibration  allowance  of  "specifier1" 
state;  4«  oasp  vibration  allowance 
of  "augmenter1"  state) 


2i these  symbols  are  also  applied  to 
Fig. 3  ;  3* efficiency ) 
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As  an  example,  in  the  " 

:r..y  increases  1.1%  and  the  relative  in 
n.ted  that  the  twi  st  i  ng  of  the  rotor  blade  wi  1 1  cause  the  characteristic 
lines  to  shift  tc  the  position  with  less  flow  rate.  Although  the  ^asp 
pressure  ratio  is  reduced,  the  reduction  of  flow  rate  will  lower 


the  operating  point.  Considering  all  these  effects,  the  gas; 


vibration  allowance  is  only  enhanced  slightly. 

After  casing  treatment  is  performed  in  the  7th  and  9th  stages, 
both  compressors  IV  and  V  have  bigger  gasp  vibration  allowances, 
especially  in  the  designed  high  speed  range,  than  compressor  II.  In 
the  "specified"  state,  when  n  =  0.95-1.10,  compressor  V  has  an  allowance 
increase  of  2.8  -  9.1%  and  relative  increment  14  --6  0%;  in  the 
"augmented"  state,  its  allowance  increases  2.8-9%  and  its  relative 
increment  is  19-  90%.  In  general,  the  stable  operating  range  of 
compressor  7  is  slightly  larcrer  than  that  of  compressor  I.  If  only 
the  casing  treatment  is  employed  (i.e.,  compressor  IV),  the  result  is 
even  better.  Although  the  data  of  n  =  1.10  is  missing  in  this 
compressor,  from  the  trend  of  the  data  of  the  other  speeds,  it  shows 
that  the  gasp  vibration  allowance  of  compressor  IV  is  better  than  that 
of  -oppressor  I . 


in  the  "augmented"  state,  the  former's  allowance  increases  4.6  ~  ".?% 
and  the  relative  increment  is  35  -  80%.  Comparing  compressor  IV  with 
compressor  II,  in  the  "specified"  state,  the  former's  allowance 
increases  6 . 4  -  9 . 5%  (estimated)  and  the  relative  increment  is  37  -  6  3%; 
in  the  "augmented"  state,  the  former's  allowance  increases  5.6-  3.2% 
(estimated)  and  the  relative  increment  is  49—94%. 

In  Fig.  2,  if  we  compare  the  gasp  vibration  boundaries  of  each 
compressor  very  carefully,  then  we  will  find  a  common  regularity:  It 
does  not  matter  if  it  is  a  casing  treatment  compressor  or  a  solid 
casing  compressor;  their  stage  loads  are  reduced  due  to  the  twisting 
of  the  rear  stage  rotor  blades.  Because  of  this,  their  gasp  pressure 
ratios  also  decrease.  But  the  gasp  pressure  ratio  of  the  casing 
treatment  compressor  is  higher.  A  very  important  requirement  for  the 
casing  treatment  thus  can  be  obtained:  The  effect  of  casing  treatment 
is  most  obvious  if  the  treatment  is  performed  on  the  stage  where  the 
stage  load  is  largest  and  the  stall  is  easier  to  occur. 

2.  Comparison  of  the  compressor's  efficiency 

The  efficiency  of  the  operating  point  in  the  "specified"  state  vs 
the  compressor  speed  is  shown  in  Fig.  4.  As  can  be  seen  from  this 
figure,  for  all  speed  ranges,  the  operating  point  efficiency  of 
compressor  II  is  close  to  or  slightly  higher  than  that  of  compressor 
I.  So  from  the  point  of  view  of  efficiency,  changing  the  rear  cabin 
structure  is  good  for  compressor  II.  The  efficiency  of  compressor  III 


compressor  III  which  is  only  Created  by  the  twist  blade.  The  efficiency 
is  only  reduced  3.3%  in  the  range  of  n  =  1.0  -1.10.  The  operating 
point  efficiency  of  compressor  IV  with  casing  treatment  is  almost  the 
same  as  that  of  the  compressor  with  solid  casing. 

III.  Conclusion 

1.  An  appropriate  rear  stage  casing  treatment  on  the  multistage 
axial-flow  compressor  can  enhance  the  gasp  vibration  allowance 
effectively  at  a  high  speed  range. 

2.  For  the  compressor  without  twisting  the  rotor  blades  in  the  rea 
stage,  the  casing  treatment  almost  does  not  have  any  effect  on  its 
efficiency.  But  for  a  compressor  with  a  twisting  rotor  blade,  the  casing 
treatment  lowers  its  efficiency  for  all  speed  ranges. 

3.  The  inlet  stage  casing  treatment  on  a  multistage  axial-flow 
compressor  is  mainly  used  to  improve  its  ability  of  distortion 
resistance  and  its  performances  at  middle  and  low  speeds.  The  rear 
stage  casing  treatment,  however,  is  mainly  used  to  improve  its  gasp 
vibration  allowance  at  high  speeds  (especially  at  ultra  high  speed;. 

It  should  be  pointed  out  that  not  only  the  type  of  structure  and 
parameter  T  2 J  need  to  be  considered  in  the  casing  treatment  of  a 
multistage  compressor,  different  stages  and  parts  have  to  be  selected 
for  different  compressors. 

4.  The  reason  w'hy  "C"  compressor  stalls  at  high  altitude  is  that 
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acceptable  efficiency.  Right  now,  this  proposal  is  other 
investigation  by  our  group. 
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ABSTRACT 

The  aerodynamic  performances  of  swept-cascade  of  axial-flow 
compressor  are  researched  in  this  paper,  and  the  calculating  methods 
of  coefficient  of  total  pressure  losses,  critical  Mach  number  and 
turning  angle  of  swept  cascade  are  provided.  The  flow  features  or. 
swept  blade  along  span  direction  are  also  studied,  the  average  wake 
contours  and  experimental  data  of  various  locations  in  span  direction 
at  given  operating  condition  are  presented. 


kp  :  According  to  the  swept-back  wing  theory 


I.  Calculation  on  the  Performance  of  Swept  Cascade  of  Compressor 
Critical  Mach  number  M 
of  the  aircraft,  the  critical  Mach  number  of  the  swept  cascade  can  be 
obtained  by  the  following  equation: 


-  (VjVB)  -  co.2 
M  ir.|  “  M  .*/  cos  2 


(1) 


where  Vj  and  Vg.  represent  the  flow  velocities  of  the  vertical  cascade 
(sweep  angle  X  =0)  and  the  swept  cascade  {sweep  angle  is  A.  )  of  the  same 
type  of  blade.  So,  by  comparing  with  the  vertical  cascade,  the 
increase  of  the  critical  Mach  number  of  the  swept  cascade  is: 


AMfcp  •»  M cos2)  —  1] 


(2) 


Total  pressure  loss  of  the  swept  cascade:  According  to  Eq .  (2), 


•This  paper  war  presented  at  the  Conference  of  Heat  Engine  Aerodynamic 
Thermodynamics  held  at  Shamen,  August  1981.  §  /namic 


AM,-  M ...[(l/co*!)-  1] 

According  to  Ref.  1,  at  a  certain  cascade  inlet  Macr.  : 
the  total  pressure  loss  coefficient  u-  of  the  vertical  case 


axial-flow  compressor  is: 


•a  -  #,(  tin  ftj  *in  1  -  StH,)-* 

1) 

where  M,  =  f ( M , )  is  called  the  cascade  inlet  Mach  number  parameter 
(its  relation  with  M,  is  shown  in  Fig.  1);  **  (BJb)x(o/ * np2)  is 

the  momentum  parameter  of  the  attached  surface  layer;  T  =  b/t  is  the 
cascade  density;  and  H2  =  is  the  shape  factor. 

Comparing  with  the  vertical  cascade,  the  increment  of  inlet  Mach 
number  M,  of  the  swept  cascade)(is  smaller.  Let's  assume  (1)  in  these 
two  cases,  the  flow  parameters  j3,  and  fh  and  the  characteristic 
parameters  of  the  primary  attached  layer  8is  6ts  H>  ,  etc  do  not  chang 
much;  (2)  *■  .  The  latter  assumption  is  almost  correct 

for  each  point  of  the  M,  -  M,  curve  in  Fig.  1.  According  to  these  two 
assumptions,  we  have  the  following  equations: 


0,  -  •  4W,/(  IH,  -  l) 


If  Eq .  (3)  is  considered,  after  some  calculations,  we  have 

fij-a  ~  £?,.* cos  1  ( 7  ) 

Substituting  Eq .  (7)  into  Eq.  (5),  then  we  have 

a ,  -  ff,.a  •  coil  •  (dnft/rfnftyJjO  -  8jU ,)-*  •  4Ha/(3 H}  -  1)  (8> 

Therefore,  the  u>  value  of  the  compressor's  swept  cascade  (sweep 

angle  is/t)  can  be  calculated  by  Eq .  (8). 


A'-:r  i::.g 


5  we  z  t  ;'a5:i  je  still  run  re  calculated  by  the  Carter’s  f  rma  la 


!  S  1  v  9  3  ;  3  C 


to  the  5 wept -back  wing  theory 


a  —  r  — 


the  following  equation  is  true  for  the  compressor’s  swept  cascade  ur.u 
the  corresponding  vertical  cascade. 

«n*i  —  tana,/co*i  d 

where  .x  is  the  incoming  flow  angle  before  the  cascade.  rir.ce  a—  r- 
the  gas  inlet  angle  of  the  swept  cascade  is 

fit-m  —  r  —  tan"‘[tan"‘(r  —  /*,.,)/  coal] 

So,  under  a  given  operating  condition,  the  flow  turning  angle  (A,?)e 
the  compressor's  swept  cascade  should  be 

(A£)a  -  J*,.,  -  (T  -  tan-,[tan-,( r  -  1  *  1 

where  7  is  the  stagger  angle  of  the  blade;  is  the  corresponding 

gas  inlet  angle  of  the  vertical  cascade;  ^  B  is  the  average  gas 
outlet  angle  of  the  swept  cascade. 


II.  Experimental  Investigation  on  the  Swept  Cascade  of  Compressor 

The  wind  tunnel  experiment  of  the  compressor  with  swept  cascade 
was  performed  in  the  subsonic  plane  cascade  wind  tunnel  of  North 
Western  Polytechnical  University.  For  the  details  about  the  structure 
and  performance  of  this  tunnel,  the  geometry  parameters  of  the  swept 
cascade  of  this  axial-flow  compressor,  and  the  automatic  measuring 
system  and  the  automatic  recording  system  of  this  wind  tunnel  can  be 
found  in  Refs.  1-3.  A  series  of  wind  tunnel  experiments  had  been 
performed  on  the  swept  cascade  with  various  inlet  Mach  numbers  M,  and 
various  gas  inlet  angles.  Comparing  the  measured  total  pressure  loss 
coefficient  and  gas  outlet  angle  (or  backward  angle  $  )  of  the  swept 
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The  inlet  ?4ach  number  parameter  M.  of  the  vertical  caecaJe  :ocprQcr 
v?  it?  inlet  Mach  number  M. .  (1:  blade  with  sharp  tip;  2s  blade- 

with  blunt  tip;  Jt  sharp  tip  cascade  ^ata  measure'5  by  North  '--'extern 
Polytechnical  University) 
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The  change  of  total  pressure  after  cascade  ,  wake  contour  an^ 
position  at  various  locations  in  span  direction  from  upper  wall 
bottom  wall  of  the  swept  cascade  of  compressor.  (Is  the  change  o 
wake  contour  and  position  from  the  upper  wall  to  the  middle  of  span 
2s  the  change  of  wake  contour  and  position  from  the  bottom  wall  to 
the  middle  of  span) 


^  r+ 


IT  - 


tr.e  agreement 


-  i  i J u  • 

-re  />• 

* 

gas  cutlet  angle  >  i. ,  in  the  wake  contours  or  the  compress :  r  wit: 
swept  cascade,  are  measured  at  the  outlet  .measuring  station  .1.6 
from  the  rear  edge  of  cascade'  for  various  locations  in  spar,  fir- 


from,  the  upper  end  wall  to  the  bottom  end  wall. 


:ne 


the  total  pressure  plcp  ,  total  pressure  loss  ' ,  and 


the 


:a  - 


pressure  loss  coefficient  u  are  calculated  at  the  corresponding 


locations  in  span  direction.  The  variations  of  these  parameters  along 
the  span  direction  are  shown  in  Figs.  2  and  3,  respectively.  During 
the  wind  experiment,  the  inlet  flow  Mach  number  M,  before  the  cascade 
is  0.44. 


On  the  adsorption  surface  of  the  swept  blade,  the  low  energy  gas 
molecules  in  the  attached  layer  can  move  along  the  span  direction. 

The  moving  direction  is  from  the  location,  where  the  leading  edge  of  t! 
swept  blade  and  the  end  wall  form  an  abtuse  angle,  to  the  location, 
where  the  leading  edge  of  the  swept  blade  and  the  end  wall  form  an  acute 
angle.  In  the  wind  tunnel  experiment  where  M,  =  0.44,  the  total 
pressure  loss  Ap*  and  the  total  pressure  loss  coefficient  of  the 
upper  wall  are  about  50%  higher  than  those  of  the  bottom  wall.  When 
the  inlet  flow  Mach  number  M,  is  increased  from  0.44  to  0.3,  according 
to  the  calculation,  the  total  pressure  loss  coefficient  J,  at  the 
bottom  wall  is  twice  as  much  as  that  at  the  upper  wall. 
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ABSTRACT 

Although  ceramic  coatings  are  remarkably  heat-resistant,  internal 
tooling  for  a  high  temperature  turbine  must  still  be  enhancer  in  virtue 
of  the  limiting  temperature  of  the  alloy  bond  coat.  Analysis  carried 
out  in  this  paper  shows  that  the  ceramic  coating  effectiveness  is 
lower  for  a  leading  edge  than  fora  flat  sect  ion  of  the  turbine  vane  and 
reduces  with  an  increase  in  ceramic  coating  thickness.  It  strongly 
depends  upon  the  cooling  intensity  of  the  turbine  vane,  and  for  this 
reason  several  ways  of  heat  transfer  augmentation  in  the  turbine 
cooling  passage  are  suggested.  The  relevant  perameters  of  the  first 
stage  guided  vane  of  a  SPEY  MK202  engine  are  used  to  calculate  the 
temperature  of  the  ceramic  coatings.  Calculations  show  that  the 
thermal  performance  of  the  turbine  vane  is  satisfactory  and  encouraging. 

List  of  Primary  Symbols 

A  radiation  absorption  coefficient  Symbols  of  subscript 

C  Stephen-  Boltzmann  constant  b  bond  coat 

de  hydropower  eguivalent  diameter  c  heat  transfer  by  cooling 

F  heat  transfer  area  of  the  cooling  air  or  convection 

passage  in  turbine  vane  f  flame 

G  flow  rate  of  the  cooling  air  g  gas 

+■ 

h,h  height  of  the  rough  rib,  m  material  of  turbine  vane 

dimensionless  height  r  roughened  surface 

*Thi°  paper  van  preterite'5  in  the  Heat  Transfer  Material  Conf^renc^ 
held  at  Huang^han,  October,  1981. 
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disturbing  rclum.n 


'J  perimeter 

::r.vs:tior,  heat  transfer  coe  f  f  :  c  i* 
>  thickness  of  various  layers  in 

turbine  vane  with  ceramic  coating 
\  heat  conduction  coefficient 
£  radiation  coefficient 


vane 

G  leading  edge  of  vane  or 
ceramic  surface 

1  boundary  surface  be  twee: 
ceramic  and  bend  scat 

2  boundary  surface  betwee: 
bond  coat  and  vane 

3  inner  wall  of  vane 


Increasing  the  gas  inlet  temperature  not  only  can  improve  the 
properties  of  the  aeroengine,  but  also  can  increase  the  thermal  efficiency 
of  the  dynamic  gas  turbine.  But  the  higher  the  inlet  gas  temperature  of  t 
turbine  is,  the  higher  the  cooling  requirement  of  the  turbine  vane. 

Too  much  cooling  air  and  too  complicated  vane  structure  will  largely 
reduce  the  benefit  due  to  the  high  inlet  gas  temperature.  Therefore, 
a  new  method  for  cooling  the  turbine  vane  is  needed.  The  best  way 
is,  obviously,  to  use  a  high  temperature  resistant  and  high  pressure 
resistant  ceramic,  which  does  not  require  cooling,  as  the  material  of 
the  turbine  vane.  But  unfortunately,  this  kind  of  high  qualify 
ceramic  material  is  not  available  now  and  further  investigation  is 
still  underway.  On  the  other  hand,  however,  an  air  cooled  turbine  vane 
with  ceramic  coating  is  proposed.  This  design  can  increase  the  heat 
resistance  between  gas  and  turbine  vane  such  that  a  higher  gas  inlet 
temperature  can  be  tolerated.  It  was  shown  by  experiments  1  I  that  a 


cling  intensity  for  the  turbine  vane . 


can  be  achieved  by  limiting  the  gas  inlet  temperature,  cheesing  an 
appropriate  ceramic  coating  thickness,  and  using  necessary  internal 

n  this  paper,  by  theoretira 
calculation,  we  will  analyse  and  study  the  interelationship  between 
these  three  factors  and  find  out  the  thermal  performance  of  this 
turbine  vane  with  ceramic  coating. 


I.  Relationship  between  the  ceramic  coating  effectiveness  and  the 
internal  cooling  intensity. 

The  heat  of  the  combustion  gas,  after  transmitting  through  the 
ceramic  coating  and  turbine  vane,  can  be  carried  away  by  the  cooling 
air  inside  the  vane  cavity.  If  the  internal  cooling  intensity  is  not 
high  enough,  increasing  the  thickness  of  the  ceramic  coating  alone  car.  no 
guarantee  that  the  temperature  of  bond  coat  will  not  exceed  1  367  K.  This 
can  be  explained  from  the  heat  transfer  process  in  a  compound  fiat 
wall  which  consists  of  ceramic,  bond  and  metal.  (see  Fig.l).  From 
the  thermal  equilibrium  equation  of  the  heat  transfer  in  this  flat 
wall,  the  following  equation  can  be  derived. 


1  + 


(J _  +  A)/(JL+«t+i.) 

\mg  l*/f  'a,  i*  ij 


(. 


If  T,  and  Tc  are  fixed,  then  the  derivative  of  Eq . ( 1 )  with  respect  to 


s  e  mp  e  r  a  z  r  e  a::er  :  n  c  r  e  a  s  i  n 
r  a  1 1  e  r.  *z  h  6  f  f  ■set  1  v6r.6ss  d£ 


rev:  i  1 1 e r. 


35 


g  v.i  mm  or  oeramic  coating  as  w r.:cr.  :s 

ceramic  coating,  then  Eg..;  can  n e 


■  ,0‘ "  +  g  +  rl)  K/<u  «* 


After  comparing  the  values  of  each  item,  we  find  cut  that  the  heat 
transfer  coefficient  oic  is  the  most  important  term  in  the  denominator 
of  Eq .  : 2  ’  )  . 

The  analysis  above  about  the  compound  flat  wall  is  only  good  for 
the  flat  section  of  a  turbine  vane.  For  the  leading  edge  of  the  vane,  the 
various  layers  have  different  curvature  radii  and  then  have  different 
heat  transfer  areas.  If  Fig.l  is  a  compound  cylinder,  for  instance, 
then  the  radii  of  each  layers  are  :  R> R*  +  Bm,  R,  —  R,  -+•  am  .+-  **, 

and  Rt  —  Rj  +  Bm  +  Therefore,  Eq  .  ( 1 )  will  become: 


Take  the  derivative  of  Eq(3)  with  respect  to  <>ol  the  formula  of  y  for 
the  leading  edge  of  the  vane  can  be  obtained  by  comparing  each  term 


v’ith  the  sane  order  dower  order  terms  are  neglected),  which  is 

,  .  io«  -  (&— ZiVfJ.  (x  +  +-M  +  i-fi  +  is. ±  1*±  ±  M 

^  /  Xm  '  2/?i  +  8m  ) 

+  £*  fi  +  — — )] 

It  \  2R,  -t  26m  «,/J 


Comparing  Eq . ( 4 )  with  Eq.(2'),  it  can  be  seen  that  the  J  value  of  the 


Schematic  diagram  of  the  heat  transfer  in  the  turbine  vane 
ceramic  coating. 


Fig. 2.  The  coating  effectiv»neee 
of  %he  turbine  vane  vith  ceramic 
coating.  (It  mm?  2*  Kcal;  3»  m  hr? 
kt  flat  '■urfac^;  5*  SPEY  bo^y) 


Fig.  3.  The  maximum  alloved  g a1, 

temperature  ve  the  thickne*'-  of 
ceramic  coating  a n^  th°  internal 
cooling  intensity.  (1:  KcalArThr 
2»  mm) 
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:ge  also  decreases  with  increasing  the  thickness 


:e  cerate  c 


coating,  . 


Therefore,  the  value  of  Sc  should  net  he  to:  large. 


It  can  be  seen  from  Eq . ( 4 )  that  increasing  the  inner  radius  R, 
the  vane's  leading  edge  can  alleviate  the  decreasing  of  7/  where  the 
decreasing  of  7  -s  caused  by  the  fact  that  each  layer  has  a  different 
curvature  radius.  If  the  curvature  radius  R j  of  the  vane's  leading 


edge  is  equal  to  Ra ,  then  Eq . ( 4 )  will  become: 


2*»  +  V 
2  R.  / 


It  is  obvious  that  the  y  value  calculated  by  Eq . ( 5 )  is  higher  than 
that  calculated  by  Eq . ( 4 ) .  But  in  order  to  let  R3  =  Rz ,  the  curvature 
center  of  the  leading  edge's  Inner  cavity  should  be  moved  backward. 

In  this  way  the  wall  thickness,  $m,  around  the  station  point  of  the  vane 
will  increase  and  then  the  heat  resistance  of  the  vane  will  also 
increase.  If  we  take  the  first  stage  guided  vane  of  SPEY  MK202  engine 
as  an  example,  then  the  wall  thickness  around  the  station  should  be 
increased  from  0.76  mm  to  1.9  mm.  In  order  to  compare  these  two 
cases,  the  leading  edge  parameters  of  the  SPEY  first  stage  vane,  i.e. 

R3  =  1.1  mm,  R2  =  1.86  mm,  and  0.76  mm  are  substituted  into 

Eq .  ( 4 ) ,  and  the  following  data,  Rj  =  1  1.86  mm  and  1.9  mm  are 

substituted  into  Eq . ( 5 ) .  The  other  data  which  are  needed  in  these  two 
equations  are:  Sb  =  0.1  mm,  R|  =  1.96  mm,  R0  =(1.96+  $0  )  mm,  T,  = 

1360  K,  Tc  =  800  K,  ^e=l.l,  and  %m=24  Kcal/m- hr- K .  The  results  of 
these  two  calculations  are  shown  in  Fig. 2.  The  ceramic  coating 
effectiveness  of  the  flat  wall  is  also  shown  in  Fig. 2  for  comparison. 
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ran  re  seen  f  r  cm  rig.;  that  the  y>  value  increases  v  i  t  h  i  ner  ■  as  i  ng  .v 
the  'M  value  at  leading  edge  is  much  less  than  that  at  the  flat  section, 


and  V  value  increases  when  R3  -  R^-  is  employed. 

In  Fig. 3  we  show  the  calculated  maximum  allowed  gas  temperature 
1^nilXas  the  function  of  at  various  where  X,=  10000  K c a  1  / m 2 •  hr*  K 

and  R  3  =  R2  .  It  is  obvious  that  increases  with  increasing  =*rc 

and  >> .  . 

II.  Enhanced  cooling  for  the  turbine  vane  with  ceramic  coating 

As  was  described  above,  the  enhanced  internal  cooling  is  very 
important  for  the  turbine  vane  with  ceramic  coating.  In  order  to 
enhance  cooling  for  the  turbine  vane,  the  following  methods  can  be 
employed : 

1.  The  inner  cavity  of  the  vane  is  divided,  according  to  p 

different  required  cooling  intensity,  into  front,  middle,  and  rear 
cooling  passages.  These  sections  have  different  shapes  and  passage 

areas  and  are  connected  together  in  series.  The  cooling  air  after 
passing  through  these  three  sections  will  come  out  from  the  chord  at 
the  tail  section. 

2.  The  inner  wall  of  the  cooling  passage  is  cast  into  a 
rib-roughened  surface  with  45°  tilt  angle  such  that  the  heat  transfer 
is  more  efficient.  A  lot  of  papers  had  shown  that  the  roughened 
surface  can  improve  heat  transfer.  The  semi-empiric  formula  of  the 


car. 


z r. r a  1  repeated -  r  i  c  .  Jo  r  a r 

be  applied  to  ore  case  with  tilted-rib  roughness.  I:,  t h  1 . •  pap  ,-r 
we  use  the  Webb's  formula  as  a  substitution  for  our  calculation.  Tr.e 
ratio  of  the  heat  transfer  augmentation  calculated  by  this  formula 

and  the  value  Nu.„  calculated  by  Dittus-Boelter  '  s  turbulence  heat 
transfer  formula  for  the  smooth  tube  is  shown  in  Fig. 4. 

3.  Increasing  the  inner  radius  of  the  vane's  leading  edge  ar.i 
castinga  dented  duct  can  enhance  the  cooling  at  the  front  station.  The 
heat  transfer  coe  f  f  ic  ient  at  the  sharp  comer  area  is  about  20%  less  than 
that  at  flat  section. 182  It  is  not  a  good  idea  to  use  roughened  rib 
at  the  corner  area  because  an  obstruct  section  will  be  formed  and  this 
will  hurt  the  heat  transfer  enhancement.  Increasing  the  inner  radius 
not  only  will  Improve  the  heat  transter  at  the  corner  area,  the 
increased  wall  thickness  (due  to  the  increase  of  inner  radius)  also 
makes  the  duct  casting  at  the  comer  area  easier.  Besides,  the  rib 
roughness  at  the  break  point  of  the  corner  area  can  disturb  the  gas  flow 
coming  from  the  side.  According  to  the  experiment  in  Ref.  9,  the 
rib  roughness  can  enhance  the  heat  transfer  at  the  area  without  rib  by 
40%.  If  the  effect  of  dented  duct  at  the  corner  area  is  also 
considered,  then  the  total  heat  transfer  coefficient  at  the  corner 
area  can  be  doubled. 

4.  The  duct  with  disturbing  columns  at  the  tail  section  of  the 
vane  can  enhance  the  convectional  heat  transter  at  a  narrow  slit.  It 
also  can  solidify  the  structure  at  the  tail.  Since  the  length  and 
diameter  ratio  L/d  of  the  disturbing  column  is  very  small,  the  wall 
effect  can  not  be  neglected.  The  conventional  heat  transfer  formula 
for  the  horizontal  disturbing  circular  column  can  not  be  employed 
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Nu  —  [0.023  4-  4.H3Re"**,‘exp{  — 3.094(i/i)  —  0.89(</'Z- )* ^})Re'*Pr' 


III.  Temperatures  at  front  station  of  the  turbine  vane  with  ceramic 
coating  under  different  conditions 

In  this  section,  the  temperature  at  the  vane's  front  station  vs 
ceramic  thickness  is  analyzed  under  different  cooling  conditions.  The 
calculation  was  done  on  the  first  stage  guided  vane  of  the  SPEY  MK202 
engine,  where  maximum  allowed  gas  temperature  is  1850  K.  The  shape 
and  dimension  of  the  turbine  vane  with  ceramic  coating  is  shown  in 
Fig. 5,  and  the  other  data  are  quoted  from  Ref.  11.  Since  the  coding 
passages  are  in  series,  the  air  temperature  of  each  section  is 
gradually  increasing  but  the  pressure  is  gradually  decreasing.  The 
leading  edge  of  the  vane  is  irradiated  directly  by  the  flame  of 
combustion.  Its  thermal  radiation  flux  is 


(7) 


f,  -  /f8c[t,(ri/ioo)4  -  Cr,/ioo)4] 

The  energy  emitted  and  reflected  from  the  leading  edge  of  the  vane  may 
come  back  to  the  vane  surface  again,  but  it  is  negligible.  This  is 

because  the  absorption  coefficient  Aj0  of  the  combustion  gas  is  very 

.  c  y  o-s  -  / 

high.  Since  ^ e/Crz/T*)13*  where  c}  -  1-exp  l-2.9x10  Lp(rl)  T^> 

tl23  The  value  of  can  be  determined,  by  substituting  the  known 

values  into  the  above  expression,  to  be  0.93.  So,  the  radiation 

energy,  after  passing  through  the  combustion  gas,  will  become  very 

small  when  it  comes  back  to  the  vane  surface. 


In  order  to  allow  for  unforeseen  circumstances,  the  absorption 


f,-  2.48[1J.2  •  104-  (T»/100)4] 


Substituting  *  3 7 1 0  Kcal, m~*  hr  •  K,  which  is  quoted  frcm  Re  i  .  11,  and 
T y  =  1850  K  into  the  convectional  heat  transfer  formula,  then  we  nave 

4,-  8710(1850  -  7,) 


the  total  thermal  flux  at  the  front  station  of  the  vane  is 

"  fr  +  —  8710(1850  —  7,)  +  2.4 8 £  13.2  •  104  —  (7,/100)4] 


On  the  other  hand,  the  temperature 
surface  and  the  cooling  air,  where 
following  equation: 

r,  -  r,  - « , 


difference  between  the  ceramic 
R3  =  R2,  can  be  calculated  by  the 

2Mi  imK • 

a/*,  +  *,)  i.x, 


f  *»,*«  t  *.  1 

*♦(*,  4-  *,)  aJlJ 

The  average  cooling  air  temperature  can  be  calculated  from  the  hea 
transfer  formula  for  the  front  section  of  the  vane  (see  next  section) 
where  s/h  =  10,  h/de  is  varied,  o(c  is  obtained  from  the  Webb's  formula 
14-,  and  the  weakened  coefficient  at  the  corner  area  is  0.8. 
Substituting  various  values  of  o(c  and  %0  into  Eqs .  (10)  and  (11),  Tc 
then  can  be  determined  by  iteration  method.  When  T0  is  known,  T,  als 
can  be  determined.  These  results  are  shown  in  Fig. 6.  From  the 
calculation,  we  find  out  that,  by  using  £e=0.1  m,  h/de=0.01,  and 
s/h=10,  the  temperature  T,  at  the  front  station  can  be  assured  less 
than  1367  K.  Figure  6  also  indicates  that  T,  and  T0  can  be  reduced 
remarkably  by  using  roughened  surfaces.  The  variation  of  the  roughnes 
parameters,  however,  only  has  a  small  effect  on  the  values  of  T,  and 
^.Therefore,  for  the  purpose  of  real  application,  a  passage  with  a 
bigger  size  of  roughness  is  better  than  a  passage  with  optimal 
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IV.  Temperature  distribution  in  the  turbine  vane  with  ceramic  c.atir.g 
Using  the  roughness  parameters  mentioned  obove,  i.e.,  Sc-  3.2  mm 
and  5r>  =  0.1  mm,  the  temperatures  at  the  basin  and  the  back  of  the 
different  sections  (front,  middle  and  rear  sections!  of  the  vane,  as 
well  as  the  maximum  temperatures  at  the  front  station  and  at  the  tail  can 
be  determined.  The  tail's  maximum  temperature  is  at  the 
beginning  of  the  cooling  duct  which  is  on  the  back  side  of  the  vane.  This 
is  because  the  heat  transfer  coefficient  is  the  highest  at  this 
position.  Let's  first  calculate  the  temperature  increment,  Tc ,  of  the 
air  in  the  cooling  passage.  Since  ~ 

dQ  =  (T*-Tc  JdFc  =  GccPc  dTc  , 

atc  can  be  obtained  by  integrating  this  expression,  which  is 

( 1  0  ) 

AT,  —  (f„—  T„)(l  -  r— ) 

where  m=  ( <*F/Gcf  )c  ,  TC)  Is  the  cooling  air-  temperature  at  the  passage 
inlet,  and  T M  is  the  average  wall  temperature  between  the  var.e  basin  and  the 
vane  back  of  that  section. 

Since  the  gas  temperature,  gas  pressure,  passage  cross  section, 
and  the  surface  temperature  of  the  vane  are  variable,  the  caculation 
of  thermal  radiation  flux  is  very  difficult.  Since  the  maximum  gas 
temperature  is  only  1850  K,  fA  is  estimated  to  be  about  3%  of  the 
value  of  $c  .  Since  the  effect  of  radiation  heat  transfer  must  be 
taken  into  consideration,  =  1.03  is  used  here  just  for  simplicity. 

The  temperature  of  the  inner  wall  in  the  cooling  passage  can  thus  be 
determined  by  the  following  equation: 


iasoK  o0f 

T  -■  7®0K 


Fig.  6  The  temperatures  of  ceramic  coating  and  bond  coat  at  the  front 
station  of  the  turbine  vane.  (1:  smooth  surface) 


rsas 


$#**  Lfj  fif tutf  |  **■*  ^ 


'«n**K  /o 


// 


(. 1 »  item;  2t  temperature  at  station*,  3*  temperature  at  front 
section?  4?  temperature  at  middle  section?  5*  temperature  at 
rear  section?  6»  temperature  at  tail  section?  7*  vane  back? 

8i  vane  basin?  9i  ccoling  air?  10?  inlet  temperature?  11 1 
inlet  pressure) 


T.-T' 

T.-T' 


1.03  /[  1  +  2.063b  +  2.063, 

ofL',/  afL'o  lo(l/o  +  l^i)  i*(^i  +  12,) 
2.063,  +  1.03  1 

A.(l/,  +  I/,)  «,l/J  ' 


The  values  c  f  T„,  ^ Tc ,  and  Te  can  be  calculated  from  this 
equation  and  Eq.  (12)  by  iteration  method.  The  temperature  at  bond 


coat,  T,  ,  can  be  calculated  by 

T „  -  T,  _  [_1_  2.063b  1  /r  1  2.063,  +  2.063, 

T,-T'  ,  1«(U,  +  I, (£/,  +  tf,)  2,(1/,  +  L,) 

,  2.063,  ,  1.03] 

!-(£/«  +  i/.)  ' 


A  0.6  mm  slit  is  made  on  the  tail  of  the  vane  such  that  cooling  can  be 
achieved  by  convection.  According  to  calculation,  smooth  passage  is 
good  enough  for  heat  transfer  here;  the  disturbing  column  to  enhance 
heat  transfer  is  thus  not  necessary.  For  the  turbine  vane  with 
ceramic  coating,  which  has  the  maximum  allowed  gas  temperature  1850  K 
and  cooling  air  flow  rate  ratio  2.9%,  the  calculated  surface 
temperature  T0  and  bond  temperature  T,  are  listed  in  the  table  below. 
The  maximum  restriction  value  for  T,  is  at  the  beginning  of  the 
cooling  duct  of  the  tail.  This  value  is  60  K  less  than  the  maximum 
allowed  temperature  of  1367  K. 


IV.  Conclusion 

1.  The  ceramic  coating  can  reduce  the  vane  temperature 
effectively.  In  order  to  prevent  bond  temperature  higher  than  1367  K, 
the  internal  cooling  of  the  vane  must  be  enhanced.  The  ceramic 
coating's  effectiveness  increases  rapidly  wi  th  the  increase  of  the  i  nterna  1 
cooling  intensity. 

2.  The  ceramic  coating  effectiveness  is  maximum  at  the  flat 
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turbine  vane  with  ceramic  coating  and  enhanced  cooling  shows  that,  by 
employing  appropriate  cooling  structure  and  0.2  mm  of  ceramic  coating, 
the  maximum  allowed  gas  temperature  of  1850  K  can  be  reached  by  using 
only  2.9%  of  cooling  air.  This  implies  that  the  average  temperature 
n  front  of  the  turbine  is  1600  K. 
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